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Abstract
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Background and Purpose—Acid/base and electrolytes could provide clinically valuable
information about cerebral infarct core and penumbra. We evaluated associations between acid/
base and electrolyte changes and outcomes in two rat models of stroke, permanent and transient
middle cerebral artery occlusion.
Methods—Three-month old Sprague-Dawley rats underwent permanent or transient middle
cerebral artery occlusion. Pre- and post-middle cerebral artery occlusion venous samples for
permanent and transient models provided pH, carbon dioxide, oxygen, glucose, and electrolyte
values of ionized calcium, potassium and sodium. Multiple regression determined predictors of
infarct volume from these values, and Kaplan-Meier curve analyzed morality between permanent
and transient middle cerebral artery occlusion models.
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Results—Analysis indicated significant differences in the blood gas and electrolytes between
pre- to post-middle cerebral artery occlusion. A decrease in pH and sodium with increases in
carbon dioxide, potassium, ionized calcium, and glucose changes were found in both middle
cerebral artery occlusion models; while hematocrit and hemoglobin were significant in the
transient model. pH and ionized calcium were predictors of infarct volume in the permanent
model, as changes in pH and ionized calcium decreased, infarct volume increased.
Conclusion—There are acute changes in acid/base balance and electrolytes during stroke in
transient and permanent rodent models. Additionally, we found pH and ionized calcium changes
predicted stroke volume in the permanent middle cerebral artery occlusion model. These
preliminary findings are novel, and warrant further exploration in human conditions.
Keywords
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focal ischemia; acid/base balance; electrolytes; early blood chemistry changes; infarct volume

INTRODUCTION
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Approximately 87% of strokes are ischemic, and are characterized by blockage of blood
flow in the brain from a thrombus or embolus.1 Neurological insult occurs immediately
when the cerebral artery is occluded, as neural tissue is deprived of oxygenated blood,
glucose, and other nutrients.2 The penumbra, the area surrounding the infarct, also includes
tissue at risk of cell death, and will expand to adjacent areas if reperfusion does not occur.2
When there are instabilities in cerebral blood flow (CBF), disturbances in brain metabolism
occur, causing shifts in water and ion concentrations. With decreasing CBF, the blood
downstream of the occlusion undergoes biochemical changes. Disruption in blood flow
reduces oxygen (O2) and glucose, and leads adenosine triphosphate (ATP) to be mismatched
with use and production.3 Cerebral ischemia occurs when cerebral O2 supply fails to meet
cerebral metabolic demand. Reduction in CBF causes lactic acid and carbon dioxide (CO2)
accumulation.4-6 Furthermore, electrolyte concentrations such as sodium (Na+), calcium
(Ca2+) and potassium (K+) are sensitive to pH changes to maintain cellular structure and
function.3 Dysregulation is additive, as disruption of the Na+/Ca2+ pump leads to an
increased concentration of intracellular Ca2+.7 Increased calcium can trigger apoptosis,
depolarization that activates lipases to break down neuron cell membranes, and
mitochondrial dysfunction, leading to the generation of free radicals and reactive oxygen
species (ROS).7
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Several studies have investigated the relationship of venous and arterial blood gas
parameters in critically ill human patients,8-13 and in rodent models14, 15 demonstrating
correlations between the blood gas values. Knowledge of blood gases could provide
clinically valuable information about the cerebral infarct core and penumbra. To date, few
studies have evaluated acid/base balance and electrolyte changes occurring within a few
minutes of focal ischemia and occlusion. The aim of our study was to evaluate these
changes, and to correlate them with infarct volume and/or mortality in two different rat
models of stroke: permanent middle cerebral artery occlusion (MCAO) and transient
MCAO. The permanent-MCAO model would mimic the natural history of large vessel
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occlusive stroke, while the transient-MCAO model accounts for recanalization seen in
current treatment states that aim to re-establish flow.

MATERIALS and METHODS
Permanent and Transient MCAO Model

Author Manuscript

Three-month old Sprague-Dawley rats (ENVIGO, Indianapolis, IN) were used for all
procedures. The rats weighed between 300 and 350 grams. The study was conducted in
accordance with the National Institutes of Health (NIH) Guide for the Care and Use of
Laboratory Animals and study protocols were approved through our Institutional Animal
Care and Use Committee (IACUC). Animals were kept in a climate controlled room on a
12-hour light and dark cycle (0700 - 1900) with free access to food and water. For both
models, animals were administered vehicle of phosphate buffered saline (PBS) at 7.4, at 6,
24, and 48 hours after MCAO.
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For the permanent middle cerebral artery occlusion (pMCAO) procedure, as previously
described,16 animals were placed in an induction chamber and anesthetized with 5%
isofluorane/oxygen. A constant flow of 3 - 4% isofluorane in 100% oxygen at a rate of 1
L/min was maintained during the procedure. A vertical incision was made near the sternum
to expose the right common carotid artery, and then a dissection was performed to isolate the
common carotid and its branches. The first clamp was placed on the internal carotid prior to
the pterygopalatine/internal cerebral artery (ICA) bifurcation, while the second clamp was
placed on the common carotid artery. The placement of the second clamp further in the
posterior direction allows more room for maneuvering during filament insertion. The
external carotid was isolated, and used to access the arterial system. A 40mm nylon
monofilament was fed distally into the intracranial artery to approximately 25mm, and then
sutured in place to obtain permanent occlusion of the middle cerebral artery (MCA), M1
segment. The incision was closed with the filament in-place. A Laser Doppler (Moore Lab
Instruments, Farmington, CT) monitored blood flow during the process. Animals that did
not show 60% reduction in perfusion of blood flow after placement of the monofilament
were excluded from the study. The transient MCAO (tMCAO) followed the same procedure,
but the monofilament was removed and flow reestablished after 60 minutes. The transientMCAO rats (n = 19) were euthanized at 72 hours. The permanent-MCAO rats were
euthanized at either 72 (n = 7) or 96 hours (n = 11). Brains from both models were harvested
for infarct measurements.
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Blood gas samples were collected and analyzed pre- and post-MCAO. An internal jugular
line was inserted, prior to MCAO monofilament placement but after anesthesia induction,
and an approximately 0.5mL of venous blood sample was collected (representing the preMCAO sample). These venous systems of the brain drains into the sinus of confluence
which splits to form the internal jugular veins, which is the final collecting port before
returning to the heart.17 The majority of the venous blood samples were drawn on the
ipsilateral side (affected MCAO side) of the animal. When the blood samples at the affected
site were unable to be obtained, the blood draw occurred on the contralateral side
(unaffected MCAO side). While the ipsilateral side location is preferred for consistency in
our blood draw protocol, the blood is analogous due to the venous anatomy. It takes
J Stroke Cerebrovasc Dis. Author manuscript; available in PMC 2019 October 01.
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approximately 30 minutes to obtain the blood sample given the details of the MCAO
procedure and anesthesia induction (represented by the shaded box for the variable time
points, Figures 3a and 5a). The sample was analyzed using iSTAT Portable Clinical
Analyzer (Abbott Laboratories, Abbott Park, IL). After pMCAO (approximately seven
minutes), rats remained anesthetized on the operating table and venous blood sample was
again collected (representing the post-MCAO sample) and analyzed with the iSTAT. pH,
carbon dioxide (pCO2), oxygen (pO2), bicarbonate (HCO3−), base excess of extracellular
fluid (beecf), glucose, and serum electrolytes, including ionized calcium (iCa2+), potassium
(K+), and sodium (Na+) were analyzed. In the case of permanent MCAO, the post-MCAO
sample was taken on average seven minutes after induction of the MCAO, while, in the case
of the transient MCAO, the post-MCAO sample was taken approximately one hour and
seven minutes after MCAO.
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Euthanasia and Tissue Preservation
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Animals were euthanized with Ketamine and Xylazine mixture (75 mg/kg and 7.5 mg/kg), at
72 or 96 hours after MCAO. They were perfused with 0.9% saline, then with 4%
paraformaldehyde in PBS to remove blood from circulation and to preserve tissue. Brains
were harvested in 4% paraformaldehyde, and then shifted to 20 to 30% sucrose for
cryopreservation. Six coronal brain sections were cut (30μm) with a cryostat and taken from
+1.7 to −3.3mm bregma coordinates. Coronal sections were mounted on glass slides and
stored at −20°C. To label degenerating neurons Fluoro-Jade staining (Histochem, Jefferson,
AR) was used. This method has been previously detailed.18 To rehydrate the coronal
sections, 100% ethanol was used for three minutes, followed by a minute each in 70%
ethanol and deionized water. Sections were then Fluoro-Jade stained (0.001% solution in
0.1% acetic acid) for 30 minutes. Slides were rinsed and dried at 45°C for 20 minutes, and
then coverslipped with DPX mounting medium (Electron Microscopy Sciences, Ft.
Washington, PA).
Infarct Volume Analysis
Coronal brain sections (bregma coordinates +1.7 through −3.3mm) were collected from rats
in both models. A Zeiss AxioSkop2 microscope (model 801572) with a Zeiss AxioCam
Color camera (model 412-312, Oberkochen, Germany) was used with OpenLab imaging
software (Improvision Ltd., Lexington, MA) to capture images. Total infarct volumes were
measured with NIH Image J software by taking the damaged ipsilateral hemisphere and
dividing the total area of the contralateral hemisphere (six sections of each brain)
measurement and multiplying by 100 to obtain a percentage. Infarct volume measurement
equation: ipsilateral/contralateral × 100 = percentage.
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Statistical Analyses and Sample Size
Before conducting statistical analyses, variables were transformed to meet assumptions of
normality. Data from both MCAO models were analyzed using SPSS, version 24 software
(SPSS, Inc., Chicago, IL). Data analysis began with a descriptive examination of all
variables, including frequency distribution, means, and standard deviations. Paired samples
t-tests were used to compare venous blood gas differences in mean scores between pre- and
post-MCAO samples. Multiple linear regression with backward variable entry was
J Stroke Cerebrovasc Dis. Author manuscript; available in PMC 2019 October 01.
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performed in the permanent and transient models to determine the correlations of venous
blood gas and electrolyte changes to infarct volume. The variables were entered into the
model at once. The adjusted R2 was used to determine the variance explained in infarct
volume. The P-to-P plot was used to assess the changes in pH and iCa2+ data sets for normal
distribution. Multicollinearity was assessed by examining correlation coefficients and
tolerance/variance inflation factor values. A Kaplan-Meier curve using Mantel-Haenszel logrank test analysis was performed to analyze mortality between permanent and transientMCAO models. A p-value of 0.05 was set a priori to determine statistical significance.
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The total sample size for the permanent MCAO model was 18. These animals are furthered
categorized into those that survived to 72 hours (n = 11), and those that died prior to 72
hours (n = 7). In comparison, the total sample size for transient MCAO was 19. These
animals are also divided into those that survived to 72 hours (n = 17), and those that died
before 72 hours (n = 2). Total sample size for both models was reduced during the iSTAT
blood sample collection due to individual readings errors. Errors were excluded from
statistical tests.

RESULTS
Relationship Between MCAO Model and Mortality
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A Kaplan-Meier curve and Mantel-Haenszel log-rank test was used to analyze event-free
survival between permanent and transient MCAO models (p = 0.045). Approximately 39%
mortality was seen in the permanent model, while an average of 11% occurred in the
transient model. The mortality rates were collected at four different time points; 6 hours, 24
hours, 48 hours, and 72 hours. In the permanent model (n = 18), seven rats died at 24 hours
and 11 rats survived up to 72 hours. By comparison, the transient model (n = 19) rats
exhibited greater survival, with one death at 6 hours and one other at 24 hours; the remaining
animals (n = 17) survived up to 72 hours (Figure 1). The permanent-MCAO infarct volumes
ranged from 24.40 to 90.79% (Figure 2a). The transient-MCAO infarct volumes ranged from
12.07 to 33.34% (Figure 2b). There is no significant difference in infarct size between
transient and permanent occlusion.
Permanent MCAO Model
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In the permanent MCAO model, there were several significant differences in the blood gas
analysis between pre- and post-MCAO (Figure 3b). These included significant decrease in
pH (p = 0.035), Beecf (p = 0.001), and Na+ (p < 0.001), as wells as increases in pCO2 (p =
0.036), K+ (p = 0.006), iCa2+ (p = 0.045), and glucose (p < 0.001). Multiple regression
analysis in the permanent-MCAO model (n = 11) showed that the changes in pH and in
iCa2+ were significantly correlated to infarct volume (F (2,8) = 16.582, p = 0.001). This
indicates a negative correlation between pH and ionized calcium together with the extent of
the infarct, as changes in pH and calcium decreased, infarct volume increased. These
variables explained 76% of the total variance in the model, as predictors of infarct volume
(Figure 4a and 4b).
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In the transient MCAO model, there were also several significant differences in blood gas
analysis between pre- and post- MCAO (Figure 5b). These included decreases in pH (p =
0.004) and Na+ (p = 0.002), as well as increases in pCO2 (p = 0.024); K+ (p < 0.001), iCa2+
(p = 0.015), glucose (p = 0.047), hematocrit (p < 0.001), and hemoglobin (p < 0.001). Unlike
the permanent model, Beecf (p = 0.397) was not significantly altered. None of the acid/base
changes or electrolyte changes in the transient-MCAO model correlated to infarct volume.

DISCUSSION
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To our knowledge our study demonstrates, for the first time, rapid changes in venous blood
gases and electrolytes occurring immediately following cerebral ischemia in two separate
MCAO rat models (permanent and transient). Furthermore, we establish a statistically
significant correlation between some of those changes and infarct volume. Significant
differences were seen between the two models for mortality. Our blood analyses follow the
biochemical changes reported in other cerebral occlusion studies in animals and humans. We
report that significant systemic changes in blood chemistry occurs very rapidly after
occlusion with an average of seven minutes in the permanent MCAO model, and
approximately one hour and seven minutes in the transient MCAO model. To our
knowledge, we have not found any other studies that examined these changes so early after
occlusion and in two separate MCAO models.

Author Manuscript

We used the permanent and transient MCAO models for two separate reasons. First, we
aimed to identify ultra-early changes in a permanent model of ischemia. While there are a
host of signaling cascades that occur in multiple pathways to induce injury, apoptosis, and
necrosis after stroke, we evaluated the relationship between these ultra-early changes and
eventual outcome. Second, and separately, we wanted to plot the course of blood gas and
electrolyte changes upon early reperfusion. As recanalization strategies such as tissue
plasminogen activator (tPA) and mechanical thrombectomy have become standard of care, it
is important to understand pathologic changes in stroke in the context of acute
recanalization. The permanent model is an evaluation of large vessel occlusive stroke in its
natural history.19 The majority of patients who experience an ischemic stroke do not receive
tPA and/or mechanical thrombectomy.20, 21 The transient model is an evaluation of the effect
of treatment, because it mimics the human condition for receiving tPA and/or mechanical
thrombectomy and the reperfusion event. The transient model evaluates the persistency of
changes in acid/base and electrolytes immediately after reperfusion.
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This study combined all blood measurements to determine association with infarct volume.
In evaluating the early changes in acid/base and electrolytes in the permanent model the
multiple linear regression showed significance in changes of pH and iCa2+ to infarct volume
in the permanent model. These two variables clearly have an interrelationship to infarct
volume, but causality needs to be furthered evaluated in future studies.
In human stroke patients, lower venous total serum calcium concentrations were associated
with more severe clinical symptoms following stroke onset, worse functional outcomes, and
hemorrhagic transformation post-thrombectomy.22-24 Conversely, higher venous total serum
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calcium levels detected on admission or within 24 hours of stroke onset in acute ischemic
stroke patients were associated with better functional outcomes and reduced cerebral
infarcts.25-27 These findings reflect increased serum calcium levels are linked to positive
stroke outcomes. Our study indicates an inverse relationship with changes in ionized calcium
and infarct volume; however, this is based on immediate ionized calcium (iCa2+) changes,
not total calcium serum. Furthermore, our measurements were within minutes to hours of the
infarct induction, while the previous studies above included levels drawn within 24 hours of
admission. Therefore, there may be a calcium concentration curve that is temporal in nature
as it relates to infarct. Further temporal studies are needed to map this relationship.
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While we found no correlations with changes in Na+ with infarct volumes, several reports
with contradictory results show serum Na+ levels are associated with stroke severity in
human patients. Rodrigues et al.28 and Soiza et al.29 found patients with lower sodium or
hyponatremia were associated with stroke severity and mortality. Other studies have
observed higher venous serum sodium concentrations were associated with stroke incidence
and neurological worsening.30-32 Serum Na+ levels in the control group was lower than in
patients with transient ischemic attack, and with ischemic and hemorrhagic strokes.33 Our
findings are similar in showing changes in serum Na+ levels from pre-to post- pMCAO, but
the significance of these changes needs to be elucidated. Again, the timing of sampling may
have an effect on the power of the association. It may be the case that our early-timed assay
does not reflect changes that occur in the first 24 to 48 hours.
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The transient MCAO model did not show correlations in the multiple linear regression
model. We believe this is due to the magnitude of the changes of acid/base and electrolytes
may be masked by the benefit of reperfusion. While we saw many similar differences in
changes from pre- to post-MCAO (compared to the permanent model), the animals did not
have an infarct volume variance that correlated. This may reflect the overpowering effect of
recanalization and reperfusion on dictating final infarct volume. Further studies will need to
be conducted to address these issues.
Another interesting difference between the two models was noting the significant differences
of increased hematocrit and hemoglobin pre- to post-MCAO in the transient model, most
likely due to hemoconcentration of fluid losses (urination, temperature or insensible losses),
which is often seen in human ischemic stroke patients. This was not observed in the
permanent model perhaps due to the timing of the second iSTAT collection, where animals
may not have had an opportunity to compensate yet; these are issues that need to be
addressed in future studies.
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The transient model had better survival rate than the permanent model and the difference
between the groups is statistically significant (p = 0.045). The permanent model shows
animal deaths occurred at various time points post-MCAO with the majority occurring at 24
hours. The 24-hour time point is critical in human ischemic stroke patients because this is
the period when patients experience edema, herniation, and hemorrhagic conversion
resulting in increased mortality.34 We did not find this in the transient model, which verifies
the importance of reperfusion in ischemic stroke and survival outcomes.
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In this study, we demonstrated early significant changes of blood gases and electrolyte
concentrations after induction of a middle cerebral artery occlusion stroke. This study shows
that blood chemistry in the systemic circulation responds rapidly to the ischemic event in the
brain. Other studies examined one stroke model and one blood gas parameter or electrolyte
concentration, while we analyzed two separate MCAO models in rats and the whole blood
gas and electrolyte panel. Previous studies have shown variability in their results, however,
our study shows the initial changes in pH and ionized calcium are predictors of infarct
volume in the permanent MCAO model. Our future studies will examine aged male and
female rats to address whether age and sex affects this issue. Eventually we are planning to
expand our blood gas studies to humans to determine if these results translate to human
stroke patients, which would allow early prediction of the stroke outcome.
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Figure 1.

Mortality data expressed using the Kaplan-Meier curve and analysis using the MantelHaenszel log-rank test revealed significant difference in survival between permanent and
transients (p = 0.045). The numbers in parentheses represent the mortality of rats at 24 hours
and 48 hours. The surviving rats in the permanent model were n=11. The surviving rats in
the transient model were n=17.
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Figure 2a.

Representative permanent-MCAO infarct volume image. Fluoro-Jade staining was
performed on cryosections from rat brains to identify the damaged neurons 72 hours postMCAO. The range for permanent-MCAO infarct volumes were 24.40 – 90.79%. Scale bars
= 150μm.
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Figure 2b.

Representative transient-MCAO infarct volume image. Fluoro-Jade staining was performed
on cryosections from rat brains to identify the damaged neurons 72 hours post-MCAO. The
transient-MCAO infarct volumes ranged from 12.07 – 33.34%. Scale bars = 150μm.
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Figure 3a. Permanent Timeline
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The time point from the first venous blood sample (represented by 1st iSTAT) to MCAO is a
variable time period due to anesthesia induction and MCAO procedure, taking roughly 30
minutes to obtain the sample (represented by the shaded box). In the pMCAO, the postMCAO sample was taken approximately seven minutes after induction of the MCAO
(represented by 2nd iSTAT).
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Figure 3b. Permanent Model

Venous blood paired samples T-Test in pre- and post- MCAO Sprague Dawley rats.
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Figure 4. Permanent Model

Multiple regression was performed to determine the correlations of venous blood gas and
electrolyte changes to infarct volume. As changes in pH and ionized calcium decrease,
infarct volume increases. These variables explained ≈ 76% of the total variance in the model
as predictors of infarct volume in the permanent model.
Figure 4a: Multiple linear regression variables predicting infarct volume in permanentMCAO rats (n =11).
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Figure 4b. Permanent Model

P-P plot of residuals for change in pH and iCa2+ predicting infarct volume.
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Figure 5a. Transient Timeline
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The time point from the first venous blood sample (represented by 1st iSTAT) to MCAO is a
variable time period due to anesthesia induction and MCAO procedure, taking
approximately 30 to obtain blood sample (represented by the shaded box). In the tMCAO,
the post-MCAO sample was taken on average one hour and seven minutes after MCAO
(represented by 2nd iSTAT).
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Figure 5b. Transient Model

Venous blood paired samples T-Test in pre- and post- MCAO Sprague Dawley rats.
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